Oncogenic Ras causes proliferation followed by premature senescence in primary cells, an initial barrier to tumor development. The role of endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) in regulating these two cellular outcomes is poorly understood. During ER stress, the inositol requiring enzyme 1α (IRE1α) endoribonuclease (RNase), a key mediator of the UPR, cleaves Xbp1 mRNA to generate a potent transcription factor adaptive toward ER stress. However, IRE1α also promotes cleavage and degradation of ER-localized mRNAs essential for cell death. Here, we show that oncogenic HRas induces ER stress and activation of IRE1α. Reduction of ER stress or Xbp1 splicing using pharmacological, genetic, and RNAi approaches demonstrates that this adaptive response is critical for HRas-induced proliferation. Paradoxically, reduced ER stress or Xbp1 splicing promotes growth arrest and premature senescence through hyperactivation of the IRE1α RNase. Microarray analysis of IRE1α-and XBP1-depleted cells, validation using RNA cleavage assays, and 5′ RACE identified the prooncogenic basic helix-loop-helix transcription factor ID1 as an IRE1α RNase target. Further, we demonstrate that Id1 degradation by IRE1α is essential for HRas-induced premature senescence. Together, our studies point to IRE1α as an important node for posttranscriptional regulation of the early Ras phenotype that is dependent on both oncogenic signaling as well as stress signals imparted by the tumor microenvironment and could be an important mechanism driving escape from Ras-induced senescence.
ER stress and distinct outputs of the IRE1α RNase control proliferation and senescence in response to oncogenic Ras Edited by Kevan M. Shokat, University of California, San Francisco, CA, and approved August 1, 2017 (received for review February 13, 2017) Oncogenic Ras causes proliferation followed by premature senescence in primary cells, an initial barrier to tumor development. The role of endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) in regulating these two cellular outcomes is poorly understood. During ER stress, the inositol requiring enzyme 1α (IRE1α) endoribonuclease (RNase), a key mediator of the UPR, cleaves Xbp1 mRNA to generate a potent transcription factor adaptive toward ER stress. However, IRE1α also promotes cleavage and degradation of ER-localized mRNAs essential for cell death. Here, we show that oncogenic HRas induces ER stress and activation of IRE1α. Reduction of ER stress or Xbp1 splicing using pharmacological, genetic, and RNAi approaches demonstrates that this adaptive response is critical for HRas-induced proliferation. Paradoxically, reduced ER stress or Xbp1 splicing promotes growth arrest and premature senescence through hyperactivation of the IRE1α RNase. Microarray analysis of IRE1α-and XBP1-depleted cells, validation using RNA cleavage assays, and 5′ RACE identified the prooncogenic basic helix-loop-helix transcription factor ID1 as an IRE1α RNase target. Further, we demonstrate that Id1 degradation by IRE1α is essential for HRas-induced premature senescence. Together, our studies point to IRE1α as an important node for posttranscriptional regulation of the early Ras phenotype that is dependent on both oncogenic signaling as well as stress signals imparted by the tumor microenvironment and could be an important mechanism driving escape from Ras-induced senescence.
oncogene-induced senescence | ER stress | IRE1α | Ras | ID1 I nositol requiring enzyme 1α (IRE1α) is an endoplasmic reticulum (ER) transmembrane kinase/endoribonuclease (RNase) that functions as a major driver of the unfolded protein response (UPR). Accumulation of unfolded proteins causes IRE1α to undergo dimerization and autophosphorylation, which activates its RNase domain (1) . A major target of the RNase is X-box binding protein 1 (Xbp1) mRNA, which is critical for induction of genes important in resolution of ER stress (2, 3) . IRE1α-induced cleavage at specific sites removes an internal 26-nt intron followed by splicing of the Xbp1 mRNA to generate a new reading frame encoding the active transcription factor, XBP1s (2) . IRE1α can target other mRNAs for degradation in a process called regulated IRE1α-dependent decay (RIDD), which functions to reduce levels of mRNAs encoding proteins processed through the ER (4, 5) , although transcripts encoding cytosolic or nuclear proteins are also RIDD targets (6, 7) . More recent studies implicate RIDD activation in apoptosis following unremitting ER stress (5, 8, 9) .
Activation of the UPR occurs frequently in human solid cancers and is an adaptive response to environmental and metabolic stress or aberrant protein expression (10) . XBP1 is overexpressed in human cancers and is associated with aggressive disease and the malignant phenotype (11) (12) (13) (14) . Functions of RIDD are poorly understood, but in a glioblastoma model, RIDD targeting of PER1 mRNA enhances tumorigenesis, while targeting of SPARC reduces tumor migration and invasiveness (6, 15) .
How these two IRE1α RNase outputs function in early stages of cancer is not known. Expression of a Ras oncogene in primary human or mouse cells causes premature senescence, a wellcharacterized mechanism of tumor suppression (16) (17) (18) . While a previous study showed that HRas G12V -driven ER stress was linked to senescence of melanocytes (19) , we found that ER stress opposes senescence in epidermal keratinocytes (20) . Here, we show that the IRE1α pathway is a critical target of HRas signaling in keratinocytes but that the two outputs of the IRE1α RNase have opposing effects on cell proliferation and premature senescence. While ER stress and IRE1α-mediated Xbp1 splicing enhance HRas-induced proliferation, IRE1α-mediated RIDD promotes premature senescence through degradation of prooncogenic factor Id1 mRNA. Both ER stress and HRas-driven IRE1α overexpression influence Xbp1 splicing and RIDD, revealing a complex role of IRE1α signaling in cancer.
Results

ER Stress and IRE1α-Mediated Xbp1 Splicing Are Required for Maximum
HRas-Induced Proliferation. We introduced oncogenic v-Ha-Ras (HRas) into primary mouse keratinocytes using a high-titer retrovirus (17) that causes an initial hyperproliferative phenotype Significance Inositol requiring enzyme 1α (IRE1α) is a mediator of the unfolded protein response that determines adaptation or cell death in response to endoplasmic reticulum (ER) stress through its distinct endoribonuclease (RNase) activities of Xbp1 splicing and mRNA decay, but its role in cancer is poorly understood. In normal epithelial cells, we find that Ras oncogene-induced proliferation and senescence are directly linked to IRE1α activation. Proliferation requires Xbp1 splicing and ER stress, while IRE1α-catalyzed degradation of Id1 mRNA drives senescence in conjunction with reduced ER stress. Thus, we propose that oncogene and ER stress regulation of the IRE1α RNase dictates tumor promotion or suppression in Ras-driven cancers.
in vitro and benign squamous lesions in vivo (21) . HRas induced Ire1α mRNA (Fig. 1A) , total IRE1α protein levels (Fig. 1B, Left) , and phosphorylated IRE1α which was detected using Phos-Tag SDS/PAGE (22) and validated with λ-phosphatase treatment (Fig. 1C) . However, the level of phosphorylated IRE1α was much lower than the level of primary keratinocytes treated with the ER stress inducer thapsigargin at nanomolar concentrations (Fig. 1B , Right). IRE1α-mediated Xbp1 splicing increased in HRas keratinocytes (Fig. 1D) , indicating activation of the IRE1α RNase, and this was not solely an in vitro response, as we detected increased Ire1α mRNA and Xbp1 splicing in 7,12-dimethylbenz [a] anthracene/12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA)-generated benign and malignant mouse cutaneous squamous tumors (Fig. S1A ) and in tumors from a skin-targeted inducible human Ras G12V model (Fig. S1B) . We next examined if ER stress was responsible for IRE1α activation in HRas keratinocytes. HRas caused a marked increase in ER size (Fig. S2A ) and an increase in the UPR target genes BiP, Ero1l, Crt, Pdia4, and Pdia5 (Fig. 1B and Fig. S2B ), indicating active ER stress. HRas keratinocytes exhibited no difference in viability compared with primary keratinocytes, suggesting active ER stress was adaptive and not apoptotic (Fig. S2C) . Treatment with 4-phenyl butyric acid (4-PBA), a molecular chaperone that dampens ER stress by decreasing unfolded proteins in the ER lumen (23) , caused a dose-dependent decrease in IRE1α phosphorylation but had no effect on HRas induction of total IRE1α or HRas-activated mitogen-activated protein kinase kinase 1 (MEK)-extracellular signal-regulated kinase (ERK) signaling (Fig. 1E) . However, 4-PBA treatment reduced Xbp1 splicing and BiP protein levels, indicating that Xbp1 splicing through IRE1α is dependent on ER stress. In contrast, inhibition of MEK-ERK signaling with UO126 blocked induction of Ire1α mRNA and total IRE1α protein levels and reduced Xbp1 splicing (Fig. S2 D and E) . Thus, IRE1α expression is regulated by this Ras effector pathway independent of ER stress. Treatment with 4-PBA reduced proliferation of HRas keratinocytes, suggesting that the increased burden of unfolded proteins and subsequent IRE1α activation is linked to elevated proliferation (Fig. 1F ). To directly test if activation of the IRE1α pathway was critical for HRas-induced proliferation, we used lentiviral shRNA to knock down either IRE1α or XBP1 in HRas keratinocytes. Both shRNAs caused a significant and similar decrease in Xbp1 splicing (Fig. 1G ) and in proliferation compared with nontarget control shRNA (Fig. 1H) . Similarly, a 24-h treatment with a noncytotoxic dose of the IRE1α RNase inhibitor 4μ8C (24) completely blocked Xbp1 splicing and reduced proliferation ( Fig. 1 I and J) , while cotransduction of HRas keratinocytes with a lentivirus expressing XBP1s (Fig. 1K ) caused an increase in proliferation (Fig. 1L) .
While Xbp1 splicing increased in response to HRas, there was a decrease in phosphorylation of JNK and p38 kinases at 2 d and 4 d after transduction (Fig. S3A) , and expression of HRas using primary K14rTA × tetOH-Ras G12V keratinocytes with increasing doses of doxycycline showed reduced phosphorylation of JNK and downstream target c-JUN within 24 h (Fig. S3B) . In contrast, ER stress induction with thapsigargin caused phosphorylation of JNK, previously shown to be IRE1α-dependent (25) , and phosphorylation of c-JUN (Fig. S3C) . Together, these results indicate that JNK pathway activation is not a significant response to HRas in keratinocytes. We also examined other UPR pathways that are activated under ER stress conditions. HRas did not cause increased phosphorylation of protein kinase R-like endoplasmic reticulum kinase (PERK) and total PERK protein levels or its downstream target eIF2α (Fig. S3D) , and while Atf4 mRNA increased, there was no increase in Chop mRNA, indicating lack of activation of the PERK arm of the UPR (Fig.  S3E ). Although we were unable to adequately detect activating transcription factor 6 (ATF6), knockdown of IRE1α or XBP1 did not block induction of UPR target genes (Fig. S3F) , suggesting a potential relevance of ATF6 in the response to HRas. Nevertheless, our results show that oncogenic HRas promotes IRE1α activation and Xbp1 splicing through the coordinate action of ER stress and MEK-ERK signaling and that this arm of the UPR pathway is required for maximal HRasdriven proliferation.
IRE1α Promotes HRas-Induced Senescence Under Reduced ER Stress.
We next sought to understand the role of ER stress and IRE1α during premature senescence. Following the initial proliferative response, keratinocytes expressing oncogenic HRas undergo premature senescence after 7-10 d, characterized by growth arrest (Fig. S4A ) and increased senescence-associated β-galactosidase (SA-β-gal) activity (17, 26) (Fig. 2A) . These cells were heavily vacuolated ( Fig. S4 B and C) and had high levels of MAPK pathway proteins, such as phosphorylated p38 and ERK1/2 kinases, which paradoxically promote senescence (27) (28) (29) (Fig. 2C) . Senescence occurred in parallel with reduced expression of several markers of ER stress, including UPR target genes Ero1l and p58ipk (Fig. 2D ), Xbp1 splicing, and BiP ( Fig. 2 B and C) . In addition, ERTracker Green and protein disulfide isomerase staining (Fig. S4D) showed reduced ER content in HRas keratinocytes undergoing senescence compared with earlier time points (Fig. S4 E and F) , further suggesting dampening of the ER stress response. In contrast, total IRE1α protein levels and, to a lesser extent, phosphorylated IRE1α increased in cells undergoing senescence, paralleling increased MAPK signaling (Fig. 2C) . Reduction of ER stress with prolonged 4-PBA treatment led to decreased Xbp1 splicing and BiP protein levels as expected, but also increased total and phosphorylated IRE1α (Fig. 2E ) and increased senescence (Fig. 2F) . Given that IRE1α can function with no overt signs of an ER stress response (1), we hypothesized that despite reduced Xbp1 splicing and other markers of ER stress, increased IRE1α may promote senescence. To test this, we introduced HRas into primary Ire1α fl/fl keratinocytes, deleted IRE1α with a Cre adenovirus, and measured accelerated senescence induced by 4-PBA (Fig. 2G ). Ire1α deletion completely blocked the increase in SA-β-gal-positive cells (Fig.  2H ) and significantly decreased p38 and ERK1/2 kinase activation caused by 4-PBA (Fig. 2G) . Similar results were observed with the IRE1α RNase inhibitor 4μ8C (Fig. 2I) , although some cytotoxicity was observed after prolonged treatment. These results indicate that in keratinocytes expressing oncogenic HRas, reduced ER stress accelerates premature senescence dependent on an intact IRE1α RNase pathway.
Opposing Roles of IRE1α and XBP1 During HRas-Induced Senescence. To further examine the role of IRE1α in the senescence response, we compared effects of prolonged IRE1α or XBP1 knockdown in HRas keratinocytes. While short-term IRE1α knockdown reduced proliferation during the initial proliferative phase as expected, long-term IRE1α knockdown blocked induction of senescence instead, causing sustained hyperproliferation ( Fig. 3 A and B) . In contrast, XBP1 knockdown accelerated growth arrest and senescence ( Fig. 3 A and B) . Consistent with accelerated senescence, XBP1 knockdown caused an early and sustained increase in phosphorylated p38 and ERK1/2 kinases, while in cells with IRE1α knockdown and sustained proliferation, these were reduced (Fig. 3C) . This increase was specific for p38 and ERK 1/2 kinases as phosphorylated JNK levels decreased independent of specific knockdown ( Fig. 3C ). XBP1 knockdown also increased phosphorylated and total IRE1α protein levels ( Fig. 3C ), as previously shown in other physiological models of XBP1 deletion (9, 30, 31) . Blockade of MEK-ERK signaling in these cells significantly suppressed the accelerated senescence response (Fig. S5A ), as well as phosphorylated IRE1α and total IRE1α protein levels (Fig. S5B ).
To test if accelerated senescence caused by XBP1 knockdown was driven by IRE1α hyperactivation similar to 4-PBA, we deleted Xbp1 with Cre adenovirus in primary Xbp1 fl/fl keratinocytes, followed by shRNA knockdown of IRE1α. Xbp1 deletion accelerated senescence of HRas keratinocytes as expected but was blocked by IRE1α knockdown (Fig. 3 D and E) . Similarly, 4μ8C treatment also blocked the accelerated senescence response (Fig. 3 F and  G) . In contrast, treatment of primary keratinocytes with a cellpermeable JNK inhibitor that blocked thapsigargin-induced c-JUN phosphorylation ( Fig. S5C ) and reduced basal levels of phosphorylated c-JUN in both control and Xbp1-deleted HRas keratinocytes ( Fig. S5 D and E) had no impact on basal and accelerated senescence in either genotype (Fig. S5F ). Taken together, these results implicate IRE1α RNase activity independent of XBP1 and JNK signaling in HRas-induced senescence. Degradation of cellular mRNAs through RIDD is a second activity of the IRE1α RNase that is essential for physiological processes, such as lipid metabolism, pancreatic β-cell homeostasis, and innate and adaptive immunity (9, 30, 32, 33) . We determined that two previously characterized RIDD mRNA targets, peripheral myelin protein 22 (Pmp22) and heparan-α-glucosaminide N-acetyltransferase (Hgsnat) (4, 24) , were down-regulated by HRas in an IRE1α-dependent manner ( Fig. S6 A-C), showing that both Xbp1 splicing and RIDD functions of IRE1α are coordinately activated by oncogenic HRas. Using a microarray screen of HRas keratinocytes with IRE1α or XBP1 knockdown to identify specific RIDD targets that may be critical for induction of the senescence response (RIDD target criteria are discussed in Materials and Methods), we found 73 mRNAs whose down-regulation by oncogenic HRas was IRE1α-dependent, including RIDD target Pmp22 ( Fig. S6D and Table S1 ). Many of these targets exhibited enhanced down-regulation in XBP1 knockdown cells, paralleling increased IRE1α activation ( Fig. S6D and Table S1 ). Annotation of these mRNAs showed that 43% encoded secretory pathway proteins, while 57% encoded cytosolic or nuclear proteins (Fig. S7A ). Top targets included the secretory proteins insulin-like growth factor binding protein 2 (Igfbp2) and matrix metalloproteinase inhibitor (Timp3). IRE1α-dependent down-regulation of these two mRNAs was confirmed by shRNA knockdown in HRas keratinocytes ( Fig.  S7B ) and by treatment with 4μ8C for 24 h (Fig. S7C) . Bioinformatic analysis showed that 38 of the putative RIDD mRNA targets, including Igfbp2 and Timp3, were strongly associated with cancer progression (Fig. S7D ). Sixty-three percent of these targets were linked to cell growth/proliferation, while 37% were linked to the metastatic phenotype ( Fig. S7E) , suggesting that IRE1α signaling may promote senescence in HRas keratinocytes by downregulating genes that are prooncogenic. Pathway analysis revealed that ERK1/2 was a major node of regulation for these genes ( Fig.  S7F) , consistent with effects of U0126 on IRE1α activation and signaling during proliferation and senescence ( Fig. 4 and Fig. S3 ).
Of the putative RIDD targets identified, a notable group downregulated by IRE1α comprised three members of the Id family, Id1, Id2, and Id3 (Fig. S6D and Table S1 ), which are basic helix-loop-helix transcription factors linked to development and cancer (34) . In particular, ID1 overexpression is strongly linked to escape from replicative senescence and bypass of Ras-induced senescence (35) (36) (37) , making it a likely candidate for mediating the senescence block associated with IRE1α depletion. We confirmed IRE1α-dependent down-regulation of Id1 mRNA levels and other family members by shRNA knockdown in HRas keratinocytes ( Fig. S8A ) and with 4μ8C treatment for 24 h (Fig. S8B) . Additionally, in transgenic keratinocytes expressing a doxycycline-inducible human HRAS G12V allele, treatment with 4μ8C reversed down-regulation of Id1 mRNA and ID1 protein levels ( Fig. S8 C and D) . IRE1α knockdown induced ID1 protein levels at all time points examined, paralleling blocked senescence, while XBP1 knockdown enhanced ID1 down-regulation (Fig.  4A) . Furthermore, HRas mediated down-regulation of Id1 mRNA was not altered by 4-PBA treatment (Fig. 4B) , and 4-PBA did not block increased ID1 protein levels when IRE1α was deleted in HRastransduced primary Ire1α fl/fl keratinocytes (Fig. 4C) . These results link the phenotype of senescence escape under conditions of reduced ER stress in IRE1α-deleted cells to sustained ID1 expression.
We next determined if IRE1α regulates Id1 mRNA levels through a mechanism dependent on direct cleavage. Even though Id1 mRNA is thought to be predominately localized in the cytosol, transcriptomic analysis previously showed enrichment of Id1 mRNA in the ER membrane fraction of mammalian cells (38) . To confirm this, we used digitonin fractionation to separate cytosolic and ER-associated mRNAs (39) . As expected α-tubulin and ERK1/2 proteins were enriched in the cytosolic fraction, and the ER membrane protein TRAPα was enriched in the ER fraction (Fig. 4D ). In agreement with published results, the majority of Id1 mRNA was enriched with the ER fraction (70%) and not the cytosol, similar to Xbp1 mRNA (Fig. 4D ), while 95% of the mRNAs for Igfbp2, Timp3, and Pmp22 were enriched in the ER fraction as expected for proteins of the secretory pathway. In contrast, Gapdh mRNA had a near-equal distribution in the cytosolic and ER fractions (Fig. 4D ).
To directly demonstrate cleavage by IRE1α, we incubated in vitrotranscribed Id1 mRNA with recombinant IRE1α protein. As expected, IRE1α cleaved Xbp1 mRNA into two fragments of the expected sizes (Fig. 4E) . Importantly, in vitro-transcribed Id1 mRNA was also cleaved by IRE1α, producing two major cleavage fragments and several minor fragments (Fig. 4F) . Using 5′ RACE, we identified two cleavage sites in Id1 mRNA that are similar in sequence to the known Xbp1 mRNA cleavage sites (Fig. 4G) , form stem-loop structures similar to Xbp1 mRNA and other IRE1α cleavage targets (40) (Fig. S9A) , and produce predicted fragments consistent in size with the two major fragments identified by the cleavage assay. When purified total RNA from primary keratinocytes was incubated with recombinant IRE1α, and subsequent cDNA was amplified using primers that spanned these predicted IRE1α cleavage sites (Fig.  S9B ), Id1 mRNA was significantly reduced compared with primers that spanned a region lacking these cleavage sites (Fig. S9C) . Similar reduced amplification of Xbp1 mRNA occurred with primers that spanned known cleavage sites, but not with noncleavage site primers (Fig. S9D) . Thus, IRE1α can promote sequence-specific cleavage of both in vitro-transcribed and endogenous Id1 mRNA.
To determine if Id1 mRNA cleavage by IRE1α was critical for HRas-induced senescence, we measured SA-β-gal-positive cells in HRas-transduced Ire1α fl/fl keratinocytes with ID1 knockdown and either genetic or pharmacological inactivation of IRE1α. Fig. 4H shows that 4μ8C treatment or IRE1α deletion increased ID1 protein levels in HRas keratinocytes transduced with nontarget control shRNA and significantly suppressed senescence (Fig. 4I) . In contrast, ID1 knockdown (Fig. 4H) completely reversed the suppressive effect of 4μ8c or Ire1α ablation on senescence (Fig.  4I) . Collectively, these data support the conclusion that Id1 mRNA is a direct cleavage target of IRE1α and that its degradation by IRE1α is required for HRas-induced senescence.
Discussion
The UPR can generate both adaptive and apoptotic responses, leading to the paradigm that levels of ER stress and distinct UPR outputs determine the balance between cell death and survival during cancer progression (10). Our results expand understanding of the bifunctional nature of the IRE1α RNase in cell fate regulation linked to the earliest stage of cancer. We show that oncogenic HRas induces and activates the IRE1α RNase in primary epidermal keratinocytes through the MEK-ERK pathway and that IRE1α and Xbp1 splicing are elevated in mouse cutaneous squamous tumors. In contrast to primary melanocytes, where HRas engages multiple UPR pathways (19) , the lack of changes in PERK and PERK targets, such as p-eIF2α and CHOP, suggests minimal activation of this pathway in keratinocytes. Similarly, the absence of JNK activation and low levels of IRE1α phosphorylation suggest that the activation of IRE1α by HRas is distinct from other ER stress activators. Since knockdown of IRE1α or XBP1 did not reduce expression of many UPR/ER stress target genes induced by HRas, we cannot rule out a possible role for ATF6, although difficulties in detecting expression and activation of ATF6 prevented direct analysis. While it will be important to determine if ATF6 has overlapping or distinct roles in regulating responses to oncogenic HRas, our data clearly show the importance of the IRE1α pathway in proliferation and senescence. IRE1α activation and Xbp1 splicing were proproliferative in HRas keratinocytes and dependent on ER stress for this response. HRas-induced ER stress linked to proliferation was characterized by a rapid expansion of the ER membrane, increased Xbp1 splicing, and up-regulation of several UPR/ ER stress target genes. However, during senescence, levels of BiP, p58ipk, and Ero1L, as well as Xbp1 splicing and ER content, were reduced. This adaptive/proproliferative role of ER stress and Xbp1 splicing is consistent with the tumor-promoting and antisenescence role of chemical ER stress activators in the skin (20, 41) and with association of Xbp1 splicing with cancer progression in several human and mouse cancer models (2) .
Unexpectedly, modulating ER stress levels or perturbing Xbp1 splicing revealed an alternate RNase output of the IRE1α pathway that is essential for the senescence response. Reduction of ER stress with the chemical chaperone 4-PBA or shRNA knockdown/ genetic deletion of XBP1 drastically accelerated the HRasinduced senescence response. Under both conditions, IRE1α phosphorylation and total IRE1α further increased, representing a "hyperactive state" that reflects removal of a negative feedback loop similar to previous studies using targeted XBP1 null mouse models (30, 31) . However, due to the nonspecific nature of Phostag analysis, it is unclear if this increased phosphorylation is on ser724 or ser726 in the activation loop, which are both normally phosphorylated in response to ER stress, or on additional sites that could modulate IRE1α activity (42) . Nevertheless, genetic ablation, shRNA knockdown, or pharmacological inhibition of hyperactive IRE1α blocked senescence and revealed a previously uncharacterized tumor suppressor role for IRE1α.
Degradation of specific mRNA targets by the IRE1α RNase has been linked to diverse normal cellular and metabolic functions (9, 30, 31) , as well as to pathological states such as apoptosis caused by prolonged ER stress (43, 44) , and to tumor invasiveness and proliferation (6, 15) . Thus, the set of mRNAs that can be degradation targets is likely to be dependent on the cell type and stress environment. Of the putative RIDD mRNA targets identified, Id1 is most notable due to its well-characterized antisenescence/prooncogenic function in cancer (35, 36, 45) . Based on several lines of evidence, including preferential association of Id1 mRNA to the ER; identification of IRE1α RNase consensus sites; in vitro degradation of Id1 mRNA by purified IRE1α at these sites; and reversal of Id1 mRNA down-regulation by IRE1α knockdown, genetic ablation, or pharmacological RNase inactivation, we conclude that Id1 mRNA is a direct target of the IRE1α RNase. Although other targets and mechanisms may contribute, degradation of Id1 mRNA is critically important in driving senescence as shRNA knockdown reverses reduced senescence due to IRE1α inhibition. Together with previous results showing defective ER stress-induced RIDD in benign pancreatic insulinoma INS-1 cells overexpressing human cancerassociated mutant IRE1α proteins (46) , it is clear that alteration of RIDD activity is likely to be important in cancer progression. We propose that oncogenic Ras induces a stress response in primary keratinocytes, in part, through MAPK activation that causes IRE1α up-regulation and activation of both outputs of its RNase (Fig. S9E) . Under conditions of ER stress, the proliferative and adaptive functions of Xbp1 splicing predominate, but with time and reduced ER stress, Xbp1 splicing is reduced and prosenescent RIDD targets, such as degradation of Id1 mRNA, drive Ras keratinocytes into senescence. Senescence is further amplified due to increased phosphorylation of ERK1/2, which drives IRE1α hyperactivation and generates a positive feedback loop under reduced ER stress. However, the exact mechanism by which elevated IRE1α under conditions of normally occurring or 4-PBA-induced ER stress reduction could differentially affect Xbp1 splicing and RIDD is unclear.
An emerging model of IRE1α activation is initial formation of IRE1α monomers into dimers and autophosphorylation preferentially linked to Xbp1 mRNA cleavage and splicing, with increasing ER stress levels causing formation of high-order oligomers allowing for relaxed mRNA specificity and degradation of many mRNA targets through RIDD (5, 46) . This allows for the adaptive functions of IRE1α mediated through Xbp1 splicing to be separated temporally and quantitatively from the cell death function of RIDD that occurs in response to chemical ER stress. Although speculative and requiring further study, it is possible that similar changes in IRE1α dimer/oligomeric states occur during the response to oncogenic HRas. Taken together, these studies point to IRE1α as an important node for posttranscriptional regulation of the cancer cell phenotype that is dependent on both oncogenic signaling and stress signals imparted by the tumor microenvironment.
Materials and Methods
Antibodies, reagents, and isolation of newborn primary keratinocytes used in this study are described in SI Materials and Methods. All experiments were processed according to standard protocols. Plasmids, viral production and infection, real-time RT-PCR, immunoblot analysis, SA-β-gal staining, 5-bromo-2′-deoxyuridine incorporation, and in vitro RNA cleavage assays, for example, are described in detail in SI Materials and Methods. The microarray dataset was deposited in the Gene Expression Omnibus database (accession no. GSE70899). All animals for tumor studies or generation of primary keratinocyte cultures were housed and treated according to protocols approved by the Pennsylvania State University Institutional Animal Care and Use Committee. Cell Culture. Primary mouse keratinocytes from either FVB/n or C57BL/6 mouse strains were isolated from 1-to 3-d-old newborn littermates using overnight flotation in 0.25% trypsin at 4°C and cultured accordingly in Eagle's minimum essential media (LONZA) with 8% Chelex-treated FBS, antibiotics, and 0.05 mM Ca
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. K5rTA and tetORAS G12V transgenic mice (47, 48) were crossed to generate bitransgenic newborn mice, and HRAS G12V expression was induced in primary keratinocytes with 1 μg/mL doxycycline. Generation of Tumors. Mouse cutaneous tumors and normal skin were from a previous two-stage chemical carcinogenesis study and were validated on H&E as either papillomas or squamous cell carcinoma (SCC) (51) . Tumors in double-transgenic mice were generated by dosing mice with 7 μg/mL doxycycline to induce tetOHRas G12V expression, and tumors were harvested after 30 d and validated as SCC by H&E.
Virus Production and Infection. The HRas retrovirus was generated from ψ2 producer cells as described previously (17) . Virus titer was determined using an NIH 3T3 focus-forming assay and was routinely 1 × 10 7 virus per milliliter. Primary keratinocytes were infected with HRas retrovirus in the presence of 4 μg/mL Polybrene on day 3 of culture at a multiplicity of infection (MOI) of 2-3 to ensure nearly 100% of cells were infected. HEK293T/N cells were used for lentivirus particle production. Transient transfections were performed using Lipofectamine 3000 (Invitrogen) at a 1:1 ratio using a combination of psPAX2 (Addgene, #12260) and pMD2.G (Addgene #12250) and appropriate pLKO.1 shRNA (Sigma) or overexpression vector, and lentiviral supernatants were collected twice over a 72-h period, concentrated by precipitation with ice-cold PEG solution (10% PEG 6000, 0.5 M NaCl), and titered using a quantitative PCR-based assay kit (Applied Biological Materials) following the manufacturer's instructions. Primary keratinocytes were infected on day 3, along with HRas as described above, with shRNA lentivirus at an MOI of 20-50. After 2 d of transduction, cells were selected with 2 μg/mL puromycin or 100 μg/mL G418 for 2 d, and subsequent analysis at different time points was examined. XBP1s overexpression was monitored by GFP. Ad-Cre was obtained from the University of Iowa viral vector core facility. Floxed or control primary keratinocytes were infected with v-Ha-Ras and, after 24 h, with AdCre at an MOI of 20 and with specific shRNA if indicated.
Measurement of ER Content. To measure ER content by flow cytometry, cells were grown in six-well plates, stained with ERTracker Green (Invitrogen), trypsinized, and analyzed using the FC500 flow cytometer present in the Huck Institute Flow Cytometry Core Facility. The mean fluorescence intensity from the FITC channel was normalized to cell size as determined from forward scatter. To measure ER content by immunofluorescence, cells were grown on eight-well μ-slides (Ibidi) stained with ERTracker Green, fixed in 4% paraformaldehyde, and visualized with a BZ-9000 Fluorescence Microscope. ImageJ (NIH) was used to calculate relative fluorescence from 40× magnification images and normalized to cell size from phase-contrast images. At least 25 cells were analyzed in duplicate for each group at the same exposure time. Protein disulphide isomerase (PDI) was visualized in cells grown similarly using an anti-PDI antibody (Cell Signaling) and goat anti-rabbit Alexa Flour 488 (Invitrogen) following suppliers' protocol, and imaged as above using identical exposure times for all groups.
Measurement of Proliferation and Senescence. To measure proliferation, cells were pulsed with 10 μM 5-bromo-2′-deoxyuridine (BrdU) for 45 min, washed, and fixed in 70% ethanol. Fixed cells were treated with 0.7 M NaOH for 2 min, blocked with 5% normal goat serum, and incubated with mouse anti-BrdU antibody (1:50; Becton Dickinson) for 1 h at room temperature. Labeled cells were identified using goat anti-mouse IgG, an ABC Kit (Vector Laboratories), and 3,3′-diaminobenzidine (DAB) following Vector Laboratories protocol. The number of BrdU-positive cells was quantified by light microscopy and expressed as a percentage of total cells for each treatment group. Three to six different fields from each well were counted (at least 100 cells per field), and triplicate wells were analyzed for each treatment group. Senescent keratinocytes were measured using SA-β-gal as previously described (17) , and positive cells were quantified using an inverted microscope and expressed as a percentage of total cells for each treatment group. Three to six different fields from each well were counted (at least 100 cells per field), and triplicate wells were analyzed for each treatment group. To measure cell viability, primary and HRas keratinocytes, 5 d after v-Ha-Ras retrovirus transduction, were incubated with Thiazolyl Blue tetrazolium bromide in quadruplicate wells of a 48-well culture tray for 3 h, and the absorbance at 590 nm was determined.
Immunoblot Analysis. Whole-cell protein lysates were made in radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1% IGEPAL-CA630 [octylphenoxy poly(ethyleneoxy)ethanol], 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, and protease/phosphatase inhibitors], rotated for 1 h at 4°C, and centrifuged to clear cellular debris. A total of 20-50 μg of protein was separated on 8-15% SDS/PAGE gels depending on the detected protein and transferred to nitrocellulose using a Trans -Blot TURBO Transfer System (Bio-Rad) according to the manufacturer's instructions. The primary antibodies used were from Cell Signaling (BiP, phospho-ERK, ERK, phospho-MEK, MEK, IRE1α, phospho-PERK, PERK, phosphoeIF2α, eIF2α, c-JUN, and phospho-c-JUN Ser63), Santa Cruz Biotechnology (p21 Ras and Id1), Biolegend (XBP1s), Abcam (TRAPα), and Invitrogen (α-tubulin). Actin (Millipore) was used as a loading control. Proteins were routinely detected using ECL reagent (Pierce). To measure IRE1α phosphorylation, 5% Phostag (Waco) copolymerized SDS/PAGE gels were prepared, run, transferred to PVDF, and immunoblotted for IRE1α (Cell Signaling). Vinculin (Cell Signaling) was used as a loading control for Phos-Tag gels.
Cytosolic and ER Cell Fractionation. For digitonin fractionation to isolate cytosolic and soluble ER-associated mRNAs, attached cells were first pretreated with cycloheximide (50 μg/mL) for 10 min, washed twice with ice-cold PBS, incubated on ice for 10 min with ice-cold PBS + cycloheximide (50 μg/mL), and incubated with permeabilization buffer [110 mM potassium acetate, 25 mM potassium Hepes (pH 7.5), 1 mM EGTA, 1 mM DTT, 50 μg/mL cycloheximide, 40 U/mL RNasin, 1 μg/mL leupeptin, 1 mM PMSF] + 1 mg/mL digitonin for 30 min with gentle rocking at 4°C, and soluble cytosolic lysate was drained and transferred to a prechilled microcentrifuge tube. Attached cells were washed once with wash buffer [110 mM potassium acetate, 25 mM potassium Hepes (pH 7.5), 2.5 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, 50 μg/mL cycloheximide, 40 U/mL RNasin, 1 μg/mL leupeptin, 1 mM PMSF] for 5 min and incubated with lysis buffer [400 mM potassium acetate, 25 mM potassium Hepes (pH 7.5), 15 mM magnesium acetate, 1% IGEPAL, 0.5% sodium deoxycholate, 1 mM DTT, 50 μg/mL cycloheximide, 40 U/mL RNasin, 1 μg/mL leupeptin, 1 mM PMSF] for 30 min with gentle rocking at 4°C, and soluble ER lysate was drained and transferred to a prechilled microcentrifuge tube. Both fractions were then spun at 7,500 × g for 10 min at 4°C to clear cellular debris and transferred to new prechilled tubes. Protein lysates from cytosolic and ER fractions were concentrated using Amicon Ultra 10K Centrifugal Filters (Millipore) and resuspended in RIPA lysis buffer.
XBP1 Splicing Assay. cDNA was amplified using primers that bracketed the mouse Xbp1 spliced sequence so that both spliced and unspliced mRNAs were amplified. Products were electrophoresed on a 12% polyacrylamide/TBE (Tris-Borate-EDTA) gel and identified by staining with ethidium bromide. PCR primers were 5′-CTCCTGGGAGGATACTTTTGC-3′ and 5′-CAATGT-GATGGTCAGGGAAAG-3′.
In Vitro RNA Cleavage Assays. In vitro-transcribed RNAs were generated using SP6 polymerase (Megascript SP6; Invitrogen) and specific Mammalian Gene Collection cDNA clones in pCMV-SPORT6 vector (Open Biosystems). In vitro-transcribed products were precipitated with 5 M LiCl, and purified mRNA (5 μg) was incubated at 37°C for 45 min with the serially diluted cytoplasmic domain of human IRE1α (Sino Biological, Inc.) in a reaction buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM MgCl 2 , 1 mM MnCl 2 , 5 mM β-mercaptoethanol, and 2 mM ATP. Cleavage products were run on a TBE-urea polyacrylamide gel and stained with ethidium bromide. For cleavage of cellular RNA, IRE1α (Sino Biologicals) was incubated with total RNA from primary keratinocytes as above for 2 h at 37°C with heat-inactivated IRE1α as a negative control. cDNA was made from purified RNA and cleavage-quantitated by qRT-PCR using primers flanking regions with or without potential cleavage sites for Id1 and Xbp1 mRNAs. The relative mRNA level for each cleavage reaction was normalized to Gapdh from that reaction. The primers used, with region amplified in parentheses, were as follows: Products of the in vitro cleavage reaction were purified with an RNeasy MinElute Cleanup Kit and incubated with T4 polynucleotide kinase before ligation with RNA 5′ RACE adapter (5′-CUGAUGGCGAUGAAUGAACACUGCGUUU-GCUGGCUUUGAUGAAA-3′) using T4 RNA ligase I. Ligated RNA was converted to cDNA and then amplification using RACE outer primer (5′-GCTGATGGCGATGAAT-GAACACTG-3′) and several reverse primers that spanned Id1 mRNA. PCR products were cloned into a pGEM-T Easy Kit (Promega) and sequenced in the PennState Genomics facility.
RNA Isolation and Quantitative RT-PCR. Total RNA from whole-cell lysates or from cytosolic and ER fractionation studies was isolated using Ribozol (Amresco) according to the manufacturer's instructions. Reverse transcription and qPCR were done with intron-spanning primers using a MyIQ cycler (BioRad). Expression was normalized to either Gapdh or 18s. Primer sequences were as follows: 
Sec24d: 5′-GCGTGCAGAGCAGGGTTATT, 5′-GAAGGC-CCCAATGGCTTCAT
Timp3: 5′-GGGAAAGAAGCTGGTGAAGGA, 5′-AGACTT-TCAGAGGCTTCCGTG Xbp1s: 5′-CTGAGTCCGCAGCAGGTG, 5′-TCTGAAGAG-GCAACAGTGTCA Microarray Analysis. Primary keratinocytes were cotransduced with HRas and control, IRE1α, or XBP1 shRNA for 2 d; selected with puromycin (2 μg/mL) for 2 d, and harvested on day 5. At the same time, primary keratinocytes were transduced with control shRNA, selected with puromycin (2 μg/mL) for 2 d, and harvested on day 5. Total RNA was isolated from three biological replicates for each group and labeled cDNA hybridized to GeneChip Mouse Gene ST 2.0 arrays (Affymetrix) in the Penn State Genomics Core Facility. Scanned arrays were analyzed using ArrayStar 11 Software (DNASTAR) with Robust Microarray Summarization background correction and quantile normalization, and significantly different genes were identified using a 1.5-fold cutoff and 10% false discovery rate using the method of Benjamini and Hochberg (52) . The mRNAs were considered potential HRas-specific RIDD targets if they were down-regulated by HRas relative to primary keratinocytes, had down-regulation reversed by IRE1α knockdown, and were unaffected or had enhanced down-regulation by XBP1 knockdown. Hierarchal clustering was generated using Gene Cluster 3.0 and Treeview software (53) . Functional annotation was done using DAVID Bioinformatics Software (54) , and pathway analysis was done using Ingenuity Pathway Analysis (Invitrogen). The microarray dataset was deposited in the Gene Expression Omnibus archive (accession no. GSE70899).
Statistical Analysis. Statistical significance was determined using a Student's t test, with significance determined as P ≤ 0.05. cleavage sites or noncleavage sites after incubation of total keratinocyte cellular RNA with the recombinant IRE1α cytosolic domain is shown. dIRE1, total RNA was incubated with heat denatured IRE1α. Amplification of each sample was normalized to GAPDH. In C and D, data represent mean ± SEM (n = 2). *P < 0.05 as determined by a Student's t test. (E) Model of IRE1α outputs and their role in the response to oncogenic HRas. HRas induces and activates IRE1α through the MEK-ERK pathway (a) and ER stress (b). Together, this causes increased Xbp1 splicing as well as degradation of RIDD substrates, including Id1 mRNA. Under these conditions, ER stress-dependent Xbp1 splicing is an adaptive response to stress that promotes proliferation and suppresses senescence due to Id1 mRNA degradation. (c) Subsequent decrease in ER stress leads to reduced Xbp1 splicing, but continued Ras-dependent MEK-ERK signaling sustains IRE1α levels. (d) Reduction in Xbp1 splicing removes a negative feedback on IRE1α activity, allowing for sustained degradation of Id1 mRNA, which drives cells toward senescence. Genes identified by microarray analysis as potential RIDD targets in primary mouse keratinocytes transduced with the v-Ha-Ras retrovirus. Genes were selected as those whose expression was down-regulated by HRas and reversed by IRE1α knockdown and enhanced or unaffected by XBP1 knockdown. Data are expressed as the log 2 of the ratio of expression for each gene in primary mouse keratinocytes to that in HRas-transduced keratinocytes with the indicated shRNA.
